e

NACA RM E5TH27

Sopern mail’s

— -/« UNCLASSIFIED AR

T Q:E{—R C {‘i‘ L_ Copy

By 7 uthonty ofy: iA’aa’. 4/5A!

RESEARCH MEMORANDBUM*

PRELIMINARY ANALYSIS OF HYDROGEN -RICH HYPERSONIC
RAMJET OPERATION
By Roland Breitwieser and James F. Morris

Lewis F'light Propulsion Laboratory

Cleve , Ohio
SIFICATION CHANGED

CQ TIAL e .. -
\.,,
By authori of WJ/ é,:}ﬂ‘bgr _#[jf
oA 7y 2, /957, 2 YBE
CLASSIFIED DOCUMENT / /V Jf-l/d

)
mmmmmmmwmmummm wmthlhm JA\-‘ 14 \ 3
of the esplonage laws, Titls 18, U.5.C., Decs. 193 wul 704, the

mnmrmnmhamadpunonummwdwhw

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
RS s en,
SECRET N A C A LIBRARY

L T oo PP T Gl '
it | LANGLEY ALRC A TilAy, L o-tesihiisy
P I

7/



UINGLASOIFIED

SONFIDENTIAL

’ e ST T ~LASSIFICATION CHANGED
W HJU i ll WF ﬁll IN RESEARCE MEMCRANDOM s rre 4/30/7,

1176 01435 5514? o e "~ By authority of L/_?_/_\’e .v_?.{]i’i .%-;;/-‘-}--

/

PRELIMINARY ANALYSIS OF HYDROGEN-RICH HYPERSONIC RAMJET OPERATTION

By Roland Breitwieser snd James F. Morris

SUMMARY

&ﬁt thrust, fuel flow, and related performence indices were calcu-
late or hydrogen-rich operation of nacelle-type and submerged ramjet
engines gt Mach numbers from S5 to 20. Eydrogen-air ratios considered
were high enough to limit the combustor tempersture to & maximum of
2000° XK. This propulsion method can produce fuel specific impulses con-
siderably greater than those of rockets if impulses are averaged over
the above range of flight speeds.

- Some trends of the effect of dperating conditions om performance
were determined; however, no optimums were defined, since the report is
of a preliminary nature. For this reason, problems such as high hydrogen

- flow rates, use of this low-density cryogenic fiuid, large exhaust-nozzle
areas, and vehicle structure and design were not treated.

INTRODUCTTION

The gpplication of umique combustlon cycles might result in air-
breathing engines that can propel vehicles to very high flight speeds,
speeds currently obtained only with rocket engines. In this report a
modified ramjet cycle has been analyzed to determine its suitability for
acceleration £fror & Mach number of § to 20. The particular cycle dis-
cussed combines diffusion by a normel shock &b the inlet and addition
of hydrogen at many times the stoichicmetric rate in the combustor. The
hope is that the high impulse of ramjets at moderaste flight speeds can
be sustained over the entire speed range. '

The cycle selected is intended to overcome three main obstacles to
successful use of a remjet over a range of very high speeds.

The first of these problems is matching inlet and exhsust geometries.
Conventionally, large varistions in inlet and exhaust areas and sres ra-
» tios are required to cover wide veriations in speed. The matching prob-
lem is met in this study by selecting a normasl-shock inlet diffuser for

use in the Mach 5 to 20 range. This fixed-geoametry inlet stays on design

o if the proper back pressure is supplied. Addlition of hydrogen to the
UNCLASSIFIED ’;’,’f' Sroo
ey AN 14 1958
- N A C A LIBRARY
L 22 s s NGIEY AERCNATTL AL LABORATORY

Langler Fied, va,



2 ' < NACA RM E57H27

high-temperature dissociasted gas in the cambustor to provide this back
Pressure was explored. At Mach numbers greater than 5, the normal-shock
diffuser provides workasble pressure ratios {(diffuser pressure to amblent
_pressure). Also, the normal-shock diffuser may be suitable for use in
high-speed aircraft like the configurstion described in reference 1.
These aircraft have a large base area that permits incorporating the en-
gine in the fuselage. In this case the large cowl drage noxmally ass80-
clated with normal-shock inlets cen be absorbed by the fuselage.

The second problem is the effect of high stagnation energies on
structure, and the third problem is the effect of dissociation on thrust.
The kinetic energy of the incoming air is about 9000 Btu per pound at a
Mach number of 20. If-this energy were reflected in temperature (ideal
ges, ratio of specific heats = 1.4), the stagnation temperature would be
approximately 40,000° F. At a Mach number of 20 a real gas dissociates
long before tempersastures of 40,000O F are reached. The new species ab-
sorb some of the inlet energy in their formation. The lower temperature
thus resulting cennot be relied upon to alleviate heat=transfer and struc-
tural problems, since much of the digsociated gas can recombine and re-
lease energy on or near the engine surfaces. Even more energetic gases
exist in the combustor, where the enthalpy of the fuel has been added to
the system. The problems in building an engine structure to contain the
high-energy gas stream asre ebviously severe. If the dissociated gases
do not recombine before or during the expansion process, the energy that
produced the dissoclstion is not available for thrust.

Addition of hydrogen in quantities many times stolchicmetric lowers
temperatures to the point where simple engine structures can be used.
The resulting low temperatures also recombine the dissociated alr and
combustion products. Although wvery high hydrogen flows are required to
produce low combustion temperatures at the very high flight speeds under
discussion here, these large hydrogen flows may also be required to cool
the aircraft structure externally. In fact, the hydrogen temperatures
selected for this enalysis are based on the ldea that hydrogen will be
used for cooling prior to its use in the engine.

The analysis presented in this report should be considered explor-
gtory. Primerily, the analysis attempts to describe the cycle and to
determine the parsmeters that have the greatest effect on engine pver-
formence. The analysis was thus limited to a few selected cases. A
flight path was selected to give a combustor pressure of 2 atmospheres.
For this flight path the free-stream dynamic pressure is nearly constant
at 1.08 atmospheres. Hydrogen (fuel) temperatures of 150°, 500°, and
850° K were used. Combustor-exit temperatures of 1200°, 1600°, and
2000° K were assigned. Fuel specific impulse, thrust coefficient, and
exhaust-nozzle areas were computed for complete expansion of exhaust
gases. A single case of partial expansicn was also treated. The results
are presented for two methods of installing engines on sn aircraft: (1)
g submerged engine and (2) a nacelle engine; the results differ only in
the assignment of external body forces.
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SYMBOLS
aree per unit of weight-flow rate of air
net thrust coefficient
net thrust per unit weight-flow rate of air
fuel-alr ratio
gravitational constant
enthalpy per mole at tempersture T and pressure of 1 atm

fuel specific Impulse, net thrust per umit of weight-flow rebte of
fuel B )

J constant for conversion of work units to heat units
Mach number

m exhsust-nozzle-exit stream momentum per unit of weight-flow rete
of air, (1 + £)V./g

o] static pressure

q dynamic pressure

R universal gas constant

S% entr_o;_:_y_ per :_‘.nole at tempergbture T and pressure of 1 atm

T static temperature

v velocity

W weight flow

T ratio of specific heats

@ equivalence ratic (actual fuel-air ratio dividéd by stoichicmetric
fuel-air ratio)

Subscripts:

& air

c combustor conditions (zero velocity)

.-
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e nozzle-exit conditions
f fuel . L _ . -
Hz hydrogen

HZO water

Ny nitrogen
02 oxygen
0 free-gtream oxr smbient

ANATYSIS

The modifled ramjet cycle is based on the use of hydrogen at fuel-
air ratios in excess of stoichiometric so that combustion temperature
does not exceed 2000° K. Since high hydrogen flows are involved at Mach
nunbers of 15 to 20 (approximastely), it is of interest to consider what
kind of thrusts may be expected from mass addition slone. Resatricting
this consideration to the high Mach number case dnd neglecting beat—addi-
tion, the energy equation reduces to

2 2
LA (wg + wf)ve

where w_ and W, are weight flows of air and fu_el, Vg 1is flight ve-

leecity, and Ve is exit velocity of the Jet. The variocus inlet and out-
let enthalpy terms have been neglected because at high flight velocities
V%/Zg is much greater then the static enthalpies. From the preceding

1
e = N\T = F Vo, vhere £ is wf/wa; but, for complete ex-
pangion, net thrust is

expression, V

F v, v
_P_=(l+f)_£__.9
a g g

Fp 0

—-—=<-\/l+f-l)-g-
a
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The efficiency of this form of thrust production can be evalusted from
fuel specific impulse. Fuel specific impulse I can be found from

I=ana=(3/l.+f-l)zg

WgWe hig 3

In the limit as the fuel-alr ratio goes to zero the quantity in paren-
theges approaches l/ 2. The quantity is reletively insensitive to fuel-
air ratio. For example, at f = 1 +the value is 0.414.

Over a reasomeble range of fuel-air ratios, the "fuel-rich" ramjet
cycle may be spproximated by I = VO/ 2g. The gpproximation is crude,
but it does indicate that interesting values of impulse msy be attained
at high velocitles through simple mass addition.

The relstions on thrust from mass addition given are not meant to
imply that the proposed cycle 1ls based on mass addition alone. At low
Mach numbers the cycle is similar to a conventionsl ramlet cycle where
most of the propulsive energy comes from burning the fuel. At these low
Mach numbers only sufficient hydrogen is used to cope with the high-
temperature dissociation and structure problem. At low Mach numbers,
this cycle is similar to that discussed in reference 2. However, sas
flight speed is increased mass addition starts to contribute more to thrust.
At all Mach numbers considered herein, energy &#dded in the form of heat of
cambustion, and fuel enthalpy are important contributors to thrust.

In the initial review of materiaels for use in this cycle, hydrogen
appeared to be the most promising. This selection was based upon heat
of combustion, heat capacity, and stable structure of hydrogen at high
temperatures.

Flight Conditions

The f£light path was selected to yield a combustor pressure of 2
stmospheres with a normel-shock inlet; calculations were made for flight
Mach numbers of 5, 10, 15, and 20. Ambient static conditions for these
pointe, taken from reference 3, are as follows:

Flight | Ambient Ambient Approximate Dynamic
Mach static static altltude, pressure,
nurber | pressure, | temperature, £t atm
atm
5 0.06124 211 63,500 1.072
10 . .01548 229 93,000 1.082
15 .00689 242 111,000 1.085
20 .00388 257 125,000 1.087

———
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Thermodynamic Data

Hydrogen gas (fuel) temperstures of 150°, 500°, and 850° K were
chosen. Results were camputed for complete expsnsion of exhaust gases
from a combustor-exit pressure of 2 atmospheres gnd temperatures of
20000, 1600°, and 1200° X. The maximum ccmbustor temperature of 2000° K
avolds the dissoclation region and temperature conditionsg that produce
severe structural problems. The lower temperatures of 1200° and 1600° K
were introduced to give trends of performance with combustor temperature.
The combustion products were assumed to be nitrogen, water, and hydrogen;
~ this simplified calculations and caused an error of legs than 1 percent
in total enthelpy (ref. 2). Air was assigned the composition of 3.773
moles of nitrogen per mole of oxygen. Thermodynemic dats for the molec-
ulsxr specles were obtalned from reference 4. :

Calculation Methods
Flight-Mach nunmber asnd hydrogen and combustor-exit temperatures were

selected. The fellowing expression was then used to campute the equiva-
lence ratio giving equal total energles for resctants and products:

(Hg,o)oz + 3.773(&%,0)1‘12 + ZqJ(H'%’f)HZ + 5.6411101,{%

= Z(H‘%,C)H‘ZO + 3.773(H§,C)N2 + 2(o - l)(E'%,c)Hz

Isentropic, frozen-composition expansion of combustion products was
agssumed, and the exhaust-nozzle-exit tempersture was determined from the
entropy relation,

[5.773 + 2(p - 1;_‘3 In Pe
Pe

O
LS

o} Q [} o] (o]
3.773(58,e - 83 ,c), + 2(BF e - 87,c)m0 + 2(0 - 1SR, - 87 clm,

The enthelpy change for expsnsion was calculated from
o o
AH% = 3'773(Hg,e - BT,c)Nz + Z(H%,e - H@,e)ﬁzo + 2(o - l)(Hg,e - ET,c)Eé

The exhsust-nozzle-exit stream momentum and area were then compubed:

B
It

ve
(1 + 0.02939) 3

[ 27(-AH])
(1+ 0'0293@'\/33.773(28.0163 + 2(18,016) + 2(9 - 1)(2.016)]
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(1 + 0.02939)2 RT,[5.773 + 2(p - 1)]
SPemI:S.??S(ZB.OlG) + 2(18.016) + 2(9 - l)(Z.OlG)]

For complete expansion of combustion products, the exhaust-nozzle
pressure ratio Pe/Pc was azasumed equal to the ambient statlic pressure

divided by the total pressure behind s normal shock at the flight Mach
number with ¥ = 1.4 (ref. 5). Normal-shock pressure ratios cbtained in
this mammer are nearly equal to those computed using real-gas equilibrium
values (ref. 6) for Mach numbers of 5 and 10. For Mach 20, the pressure
ratio for v = 1.4 1is less than 10 percent higher than the value calcu~
lated by use of reference 6. When exhsust-nozzle-throat conditions were
computed, p./p, = 1/2 was used.

Ae

Net thrusts were calculated in the following manner:

(1) For the nacelle-type ramjet installation, the usual net thrust
expression was used: )
Vo
Fp=m+ Adpe - o) -

which, with complete expsnsion, reduces to

oRTo
Fp =m - My \[—25g
(2) For the submerged ramjet, it was assumed that all of the engine

except the diffuser-inlet ares is covered with existing wing and body
structure. Therefore, -po(As - Ag) Was assigned to the airframe drag,

and the net-thrust equation became

Vo
Fp, =0 + Dhg —(-E-+ POAO)
Witk pg = Pgs

T Fp = m o+ pole -

T (e

~2%g R

Net thrust was divided by the fuel-air ratio to yield fuel specifie
impulse, similar to the rocket performance index:

__ T

~ 0.02930

—

I
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Thrust coefficients were computed for ramjet comparisons as follows:

GF =Fn _ Fn
Ay Y .2
2 PoMio

RESULTS AND DISCUSSION

Figure 1 describes the flight path for the submerged and nacelle-
type ramjets. These engines were assumed to have normal-shock inlets.
The solid lines show variations of ambient static and free-streem dynamic

rressure with flight Mach number for a combustor pressure of 2 atmospheres.

Relatione for a O.2-atmosphere combustor pressure are gliven by the dashed
lines. The vealues for hypersonic glide vehicles will probsbly fall be-
tween these two limits.

In these analyses, the combustor pressure of 2 stmospheres (dynamic
pressure of sbout 1.08 atm) was used. However, the results apply epproxi-
mately to £light paths with other dynamic pressures. If an isothermal
atmosphere were assumed, the results would transfer exactly; flight Mach
number alone would determine the free-stream total energy and the exhsust-
nozzle pressure ratlio for complete expansion,

Hydrogen-rich equivalence ratlos required to obtaln cambustor-exit
temperatures of 1200°, 1600°, and 2000° K at flight Mach numbers from 5
to 20 are plotted in figure 2.

Figure 3 shows relations for fuel specific lmpulse, combustor-exit
temperature, and flight Mach number. Results are glven for both the
submerged end nacelle-type ramjets with hydrogen temperatures of 150°,
500°, and 850° K. The impulse for the nacelle-type ramjet is
(po/0.02939) (A, - Ay) less than the value for the submerged ramjet, since
externsl pressure forces are included for the nacelle ramjet. Combustor-
exit tempersture controls the impulse at Mach numbers from 5 to asbout 7.
For example, near Mach 6 for a glven ramjet and a particular combustor-
exit temperature, the curves for various fuel temperatures approach a
comon value, and impulse increases with increasing combustor-exit tem-
perature (decreasing equivalence ratio). The spproximate impulses for
these points are as follows:

Combustor-exit Approximate impulse at Mach 6,
temperature, 1lb net thrust
%k Ib fuel/sec
Submerged ramjet|Nacelle-type ramjet
1260 800 540
1600 800 700
2000 1050 900
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Between Mach numbers of 15 and 20, hydrogen temperature exerts the
principal influence on impulse. The effect of cambustor-exit temperature
is present, but is secondary: '

Hydrogen Approximate impulse at Mach 20,

temperature, Ib net thrust

%K 1b fuel/sec

Submerged Racelle-type
ramjet ramjet

150 325 300

500 410 385

850 490 470

Thus, in the high flight Mach number range, impulse increases with
increasing hydrogen temperature. Also, all trends indicate that higher
impulses will occur at lower equivelence ratios. The lower equivalence
ratios were not considered, because of the arbitrery maximum combustor
temperature assigned in this analysis. In actual practice, both the Ffuel
tempersture and the cambustion temperature will depend on the fuel flow,
because the fuel will be used to gbgorb the aerodynamic heating losd.
Thus, as the fuel flow is decreased, the fuel and cambustor temperstures
will increase, and higher impulse values will result. The attempt to se-
lect an optimum is beyond the scope of this report, since such an attempt
involves & total aircraft system analysis and a study of the recombina-
tion problem. A system analysis may well indicate the desirebility of
reducing the equivelence ratio and hence raising the arbitrary maximm
cambustion temperature.

Fuel-rich addition of 150°, 500°, and 850° K hydrogen to both sub-~
merged and nacelle-type remjets gave the varistiaons of thrust coefficient
with £light Mach number and combustor-exit temperature shown in figure 4.
Thrust coefficients for the nacelle-type remjet differ from those of the
submerged ramjet, because the net thrust is lower by the external force
Polle - Ap) essigned the nacelle-type ramjet. A true comparison of the
coefficients of thrust and their interrelstion with the aircraft requires
a canplete system analysis. - .

For a given flight Mach number and ramlet type, thrust coefficient
incresses with decreasing cambustor-exit tempersture (increasing equiva-
lence ratio) and increasing hydrogen temperature. Curves for the
thrust coefficient have minimms between flight Mach numbers of 10 and
13.

Figure 5 shows values of nozzle-throat area and nozzle-exit ares
each divided by the free-stream (diffuser-inlet) area as functions of
combustor-exit tempersture and flight Mech number for hydrogen tempera-
tures of 150°, 500°, end 850° X. The results apply to both the submerged
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and nacelle-type ramjJets. In general, for a given flight Mach number,
exhaust-nozzle areas increage with decreasing combustor-exit temperature
(increasing equivalence ratio) and increasing hydrogen tempersture. Min-
imums for the ratlo of nozzle-throat ares to diffuser-inlet area occur
between Mach numbers of 10 and 13.

It appears that the ratio of exhaust-nozzle-throat area to diffuser-
inlet area for hydrogen-rich hypersonic ramjet operation would be less
than 1.0. This ratio is consistent with current designs.

Ag discussed in the INTRODUCTICN, it i1s highly desirable to be able
to use a fixed-geametry ramjet engine, But a conventional ramjet, oper-
ating over a range of Mach numbers, is hampered by the large changes in
ratio of inlet to exhaust-nozzle-throat area required to keep the engine
operating on design. The comnsequence of mismstched inlet and exit areas
is s loss in thrust either through losses in pressure ratic or loss in
mass flow. The flat curves for the ratio of nozzle-throst to inlet area
gshown in figure 5 indicate that flxed-geometry systems may ve practical
for the hydrogen-rich ramjet. Also, some adjustments to the area ratlo
can be achieved through variastions in fuel flow. TIn order to determine
whether matching of inlet to exhsust through fuel dilutlon is feasible,
the diffuser losses must be weighed against changes in fuel impulse and
thrust. Only a complete mission analysis can establish this feasibility.

The complete-expansion engine requires very large exlt to inlet area
ratios at high flight speeds, as shown in figure 5. If the hydrogen-rich
remjet engine is to be used along an acceleration path, the variation in
exlt srea of figure 5 is not practical. Also, in general it does not pay
to expand the gases in Jet engines completely, since losses from external
pressure forces and exhaust-nozzle weight more than offset the small in-
cremental gaing In Jet thrust.

The effects of incomplete expansion are shown in the following table
for the submerged ramjet using 500° K hydrogen to yield 2000° K combus-
tion products. The values for complete expansion of exhaust gases are
taken from figures 2 to 5. In the second part of the table, approximate
calculated results are presented for expansion through an exhaust nozzle
with an exit area 5-times greater then the diffuser-inlet area. The
selection of+the area ratlo is only an arbitrary example of the effect
of incomplete expansion snd does not attempt to reflect a "best deslgn.”
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Flight|Equivalence| Nozzle-throat area Rozzle-exit area Impulse, Thrust
Mach ratic Diffuser-inlet area|Diffuser-iniet area| 1b thrust |coefficient
number 1b fuel?sec
Complete expansicm of 2000° X cambustor-exit gases
5 3.8 1.39 6 1320 2.05
10 9.2 .99 10.2 585 1.02
15 18.4 .97 7.1 433 .98
20 32.6 1.02 26,6 418 1l.23

Expension of 2000° K cambustor-exit gases through nozzle with exit area 5 times
© diffuser-inlet ares

S 3.8 1.39 S 1275 1.98
10 g.2 .99 S 5089 .89
15 18.4 .97 5 350 .79
20 32.6 1.02 5 303 .82

The ratic of exhaust-nozzle-exit to diffuser-inlet area for incom-~
plete expansion was 83 percent of that required for camplete expansion
at a Mach number of 5 and only 19 percent that of complete expansion at
a Mach number of 20. Partial expansion reduced the net thrust to 96.5
and 72.5 percent of that for complete expansion at Mach numbers of § end
20, respectlively. This reduction in net thrust produced corresponding
losses in thrust coefficient and impulse.

The values of fuel specific impulse for both complete and partial
expansion are much higher than the impulse of chemically fueled rockets
based on the average impulse for an acceleration path from a low to a
high Masch nunber. The comparisons should be considered preliminaxy,
since it has not been ascertained whether sufficient hegt is availsble
from the aircraft to produce fuel temperstures in the 150° to 850° K
range. As discussed previocusly, fuel temperasture has s strong influence
on impulse at Mach nuwbers grester than 15. Also, the dilution of the
energetic stream was assumed to cccur in such a mexner that no dissociated
products remained. Whether this can be easily accomplished or not is
largely in the opinion stage.

In support of the favorsble comparison, it should be noted that con-
servative values for 4diffuser pressure recovery and low combustion tem~
peratures were used.

From a practical viewpoint, a major problem of any hydrogen-fueled
jet engine is the handling of the low-density, low-tempersture fluid.
The specific gravity of liquid hydrogen is sbout 0.071; therefore, large
tanks and associated gear are required. The fuel-rich ramjet and sup-
porting equipment must be compared with more conventionel systems such
as rockets before their true mexrit is established.

L
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CCNCLUDING REMARKS

This preliminary analysis of hydrogen-rich ramjet operation indi-
cates that fuel specific impulses equal to or better than those of rock-
ets can be attained. The high impulses are particularly gratifying in
view of the low combustor temperatures employed and simple normal-shock
diffuser selected.

The coefficlents of thrust, the ratlos of inlet to exhaust-nozzle-
throet area, the type of diffuser used, and the very high average impulses
show that this system could possibly be applied to a flight path involv-
ing acceleration from lLow to high flight speeds.

Factors such as the influence of high hydrogen flow rates ocn fuel
temperatures and handling problems must be assessed before the feasibil-
1ty of the hydrogen-rich ramjet system is established.

Lewis Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Chio, October 18, 1957 o
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